Abstract The cassava green mite, Mononychellus tanajoa, is a key pest of cassava, Manihot esculenta Crantz (Euphorbiaceae), and it may be kept in check by naturally occurring predatory mites of the family Phytoseiidae. In addition to predatory mites, abiotic factors may also contribute to regulate pest mite populations in the field. Here, we evaluated the population densities of both M. tanajoa and the generalist predatory mite Euseius ho DeLeon (Acari: Phytoseiidae) over the cultivation cycle (11 months) of cassava in four study sites located around the city of Miranda do Norte, Maranhão, Brazil. The abiotic variables rainfall, temperature and relative humidity were also recorded throughout the cultivation cycle of cassava. We determined the relative importance of biotic (density of E. ho) and abiotic (rainfall, temperature and relative humidity) factors to the density of M. tanajoa. The density of M. tanajoa increased whereas the density of E. ho remained constant throughout time. A hierarchical partitioning analysis revealed that most of the variance for the density of M. tanajoa was explained by rainfall and relative humidity followed by E. ho density and temperature. We conclude that abiotic factors, especially rainfall, were the main mechanisms driving M. tanajoa densities.
Introduction
Cassava, Manihot esculenta Crantz (Euphorbiaceae), is cultivated in many tropical and subtropical regions of the world and it is considered one of the most important staple food sources for smallholders (Henry and Hershey 2002; Suja et al. 2010) .
The cassava green mite, Mononychellus tanajoa (Bondar) (Acari: Tetranychidae), is a key pest of cassava in northeastern Brazil (Moraes and Flechtmann 2008) . The biological control of phytophagous mites is considered an important environmental service carried out by natural enemies such as predatory mites, especially those belonging to the family Phytoseiidae. Phytoseiids have the ability to suppress populations of pest mites, mainly tetranychids (Colfer et al. 2004; Sarmento et al. 2011) . The indigenous predatory mite Typhlodromalus aripo De Leon (Acari: Phytoseiidae) is the most effective biological control agent of M. tanajoa in Brazil and in Africa where it was introduced in the 1990s (Onzo et al. 2003 . However, generalist predatory mites may also contribute to the regulation of pest mite populations in the field (McMurtry and Croft 1997; Sarmento et al. 2011) . Predatory mite species belonging to the genus Euseius (Acari: Phytoseiidae) are classified as generalists specialised in the use of pollen and other alternative foods besides preying on pest mites (McMurtry and Croft 1997; Croft et al. 2004) .
In addition to natural enemies, the seasonal variation of abiotic factors such as rainfall, temperature and relative humidity affects both the distribution and population density of arthropods in the field (Yaninek et al. 1989; Hanna et al. 2005; Onzo et al. 2005; Teodoro et al. 2008; Zundel et al. 2009 ).
Here, we determined the relative importance of biotic (density of a common generalist predatory mite found inhabiting cassava plants in the study region-Euseius ho DeLeon) and abiotic (rainfall, temperature and relative humidity) factors to the density of M. tanajoa.
Materials and methods

Study region and mite sampling
The study was conducted in four study sites located around the city of Miranda do Norte (3°36 0 45 00 S, 4°34 0 08 00 W, 44 m above sea level), Maranhão, Brazil. No agrochemicals were used in any study site and the minimum distance between sites was approximately 1 km. The predatory mite E. ho is a common generalist phytoseiid species inhabiting cassava plants in the study region (Rêgo Unpublished data). In each study site, we randomly chose 10 cassava plants located at least 10 meters from field boundaries to avoid edge effects. We evaluated six fully expanded leaves per cassava plant (two leaves from each part, i.e., top, medium and bottom) totaling 60 leaves per study site. We did not attempt to record the predatory mite T. aripo since this phytoseiid inhabits the apex (growing point) of cassava (Onzo et al. 2003 ) and our evaluations were conducted only on fully expanded cassava leaves. The numbers of M. tanajoa and E. ho (all stages pooled, i.e., eggs, larvae, nymphs and adults) were recorded using a binocular microscope (Stemi DV4, Zeiss, Germany) at monthly intervals over the cultivation cycle of cassava (from February to December 2009).
The numbers of both M. tanajoa and E. ho per leaf were converted into mites per cm 2 as cassava leaves widely vary in size and number of lobes throughout the cultivation cycle. Leaf areas were calculated by randomly choosing 15 cassava leaves per study site per month and drawing their outlines on a paper which was subsequently cut out and weighed. A paper of known area (1 cm 2 ) was cut out and weighed in an analytic scale (Model BL320H, Shimadzu, Brazil) to estimate the number of grams per cm 2 . The estimated area per plant was obtained by multiplying the number of sampled leaves by the average area for each study site per month. Subsequently, the densities of both M. tanajoa and E. ho per cm 2 were obtained by the ratio between the number of mites per plant and the estimated area.
Abiotic factors
Temperature and relative humidity were monthly recorded throughout the cultivation cycle of cassava under standardized conditions (on sunny days between 08:00 and 10:00 and in the center of each study site to avoid edge effects) using a digital thermohygrometer (Model 910.15 CHP, Alla, Brazil) placed on the ground for 10 min. Rainfall data was obtained through interpolation from the database of the National Institute for Space Research (INPE) (http://www6.cptec.inpe.br/proclima/).
Statistical analyses
A repeated measures Anova with type I sequential sums of squares was performed to compare the densities of M. tanajoa and E. ho over the cultivation cycle of cassava. Oneway Anovas followed by post hoc Tukey tests were conducted to compare the densities of both mite species within each month. All analyses were carried out using Statistica 7.0 (StatSoft Inc.1984 . A hierarchical partitioning analysis was used to assess the relative contribution of biotic (density of E. ho) and abiotic factors (rainfall, temperature and relative humidity) to the density of M. tanajoa by estimating the percentage of explained variance of each predictor variable, considering all possible models in a multivariate regression (Heikkinen et al. 2005) . The hierarchical partitioning analysis was conducted with the R statistical package (Mc Nally and Walsh 2004) using the ''hier.part and gtools packages'' (R 2.10.1, R Development Core Team 2010). Linear regressions between densities of M. tanajoa and biotic and abiotic factors were performed using SigmaPlot 11.0 (Systat Software Inc 2008). Population densities of M. tanajoa and E. ho were log x ? 1 transformed to achieve assumptions of a normal distribution.
Results
The cassava green mite M. tanajoa had a higher population density (0.138 ± 0.011 mites/ cm 2 ) compared to the predatory mite E. ho (0.001 ± 0.0002 mites/cm 2 ) (F 1.78 = 251.96, P \ 0.05). The population density of M. tanajoa increased with higher population levels being attained in the dry season (July-December) while the density of E. ho remained constant over the cultivation cycle of cassava ( Fig. 1; F 10 .780 = 11.227, P \ 0.05). Except for February and April, the population density of M. tanajoa was higher than the density of E. ho throughout the cultivation cycle of cassava ( Fig. 1 ; Feb: F 1.78 = 0.001, P [ 0.05; Mar: F 1.78 = 4.835, P \ 0.05; Apr: F 1.78 = 3.819, P [ 0.05; May: F 1.78 = 8.310, P \ 0.01; Jun: F 1.78 = 13.122, P \ 0.0001; Jul: F 1.78 = 25.208, P \ 0.0001; Aug: F 1.78 = 32.097, P \ 0.0001; Sep: F 1.78 = 18.641, P \ 0.0001; Oct: F 1.78 = 29.957, P \ 0.0001; Nov: F 1.78 = 52.363, P \ 0.0001; Dec: F 1.78 = 32.075, P \ 0.0001).
The abiotic factor rainfall explained most of the variance (54.0 %) for the density of M. tanajoa, followed by relative humidity (12.1 %), density of E. ho (4.9 %) and temperature (1.0 %) according to hierarchical partitioning. Exp Appl Acarol (2013) 60:479-484 481 The density of M. tanajoa linearly decreased with increasing rainfall ( Fig. 2 ; F 1.9 = 6.383, R 2 = 0.415, P \ 0.05) confirming results from hierarchical partitioning. Densities of M. tanajoa, however, were not related to relative humidity (F 1.9 = 0.016, R 2 = 0.001, P [ 0.05), density of E. ho (F 1.9 = 0.315, R 2 = 0.033, P [ 0.05) and temperature (F 1.9 = 0.007, R 2 = 0.0001, P [ 0.05). Mean ± SE are shown. Asterisks represent significant differences between densities of M. tanajoa and E. ho within each month based on one-way Anovas (P \ 0.05). Log x ? 1 transformed data Fig. 2 Relationship between population density of Mononychellus tanajoa and monthly total rainfall throughout the cultivation cycle of cassava (y = 0.204-0.0004x, F 1.9 = 6.383, R 2 = 0.415, P \ 0.05). Log x ? 1 transformed data
Discussion
The main mechanisms influencing population densities of M. tanajoa were abiotic factors. Rainfall explained the highest fraction of variance for the population density of M. tanajoa. This was expected since the study area is characterised by heavy rains during the wet season (average of 348.5 mm/month from January to June 2009). Furthermore, we found a negative correlation between the density of M. tanajoa and rainfall confirming results from hierarchical partitioning. This negative relationship might be due to the fact that washing mite colonies off leaves as a result of heavy rains might have outweighed an increased number of mites supported by new foliage production fostered by early rains (Yaninek et al. 1989) . Likewise, Onzo et al. (2005) and Hanna et al. (2005) found that the abundance of M. tanajoa decreased in periods of high rainfall.
The abiotic factor relative humidity also explained large portions of the variance for densities of M. tanajoa. Indeed, an average of 80 % relative humidity throughout the cultivation cycle of cassava was found in the study sites. Relative humidity is an important climatic factor that influences the occurrence of arthropods in the field (Zundel et al. 2009 ). Bonato et al. (1995) , studying the effects of relative humidity on the cassava green mite M. progresivus Doreste and the cotton red mite Oligonychus gossypii (Zacher) in cassava fields found that relative humidity values below 30 % and above 90 % negatively affected the development, fecundity and survival of both species of mites.
The smallest fractions of the variance for the population density of M. tanajoa were explained by temperature followed by E. ho densities. The study area is characterised by low temperature variation over the year. Moreover, it is common in the study region temperatures above 30°C during the dry season (July-December), which are ideal for tetranychid mites build up. Densities of E. ho were lower and remained constant throughout the cultivation cycle of cassava suggesting that this predator was unable to respond to the increasing populations of M. tanajoa over this period. Indeed, the density of E. ho explained \5 % of the density of M. tanajoa according to hierarchical partitioning. The mites of the genus Euseius are considered generalist predators specialised on pollen and other alternative foods besides feeding on pest mites (McMurtry and Croft 1997; Croft et al. 2004) . Preliminary laboratory observations revealed that E. ho completes its cycle when fed M. tanajoa, but not when fed cassava pollen (Rêgo Unpublished data). This is intriguingly and more studies are needed to elucidate the importance of this generalist predator on the biological control of M. tanajoa and the role of alternative food in cassava fields.
Our results indicate that the population density of M. tanajoa was influenced over the course of cultivation cycle of cassava mainly by abiotic factors, especially rainfall.
